We analyze theoretically the diffraction of light by gratings that are photogenerated in Fabry-Pérot microcavities. The coupled wave theory of volume gratings is combined with appropriate boundary conditions to yield expressions for the diffraction efficiency. Multiple round trips within the cavity are seen to increase the effective grating thickness, and therefore the efficiency. Numerical calculations specific to GaAs microcavities show that the diffraction efficiency can be enhanced by more than two orders of magnitude at the resonant wavelengths.
INTRODUCTION
An important step in the development of practical devices based on fixed holograms was obtaining a high diffraction efficiency during readout by using thick volume holograms. For real-time applications such as all-optical routing, photo-induced transient gratings in nonlinear media are indispensable. One problem is that high intensities are often required during the write phase, and the energy necessary to write a grating naturally increases with the thickness. Material resonances can be exploited to enhance the efficiency of the write process [1] [2] [3] . Semiconductors are attractive media because of the compatibility with electronic circuits and the wealth of microfabrication technology at one's disposal. However, gratings formed in semiconductors by photo-induced electron-hole plasmas have low diffraction efficiencies even after exploiting band-edge resonances. Thus we are lead to consider geometrical resonances, and this paper examines the enhancement achievable by placing a dynamic grating within a Fabry-Pérot cavity.
Previous work combining gratings and Fabry-Pérot cavities has mostly dealt with fixed gratings. Several studies have been made of a geometry where two gratings surround a cavity, i.e., the inverse of our geometry [4] . One goal has been to replace expensive high quality mirrors by low quality substrates incorporating holographic correction elements [5, 6] . Other studies have considered the geometry which interests us, i.e., the grating within a cavity. For example, multiple reflections from the crystal surfaces were seen to have an effect on the diffraction efficiency of a photorefractive grating written in lithium niobate [7] . Multiple reflections from crystal surfaces have also been treated in the case of volume acoustic waves propagating in, e.g., Bi 12 GeO 20 [8] .
One motivation for placing a thick grating within a cavity has been to characterize the grating, for example an AlGaAs rib waveguide [9] . However, most of the work on gratings within cavities has been motivated by the desire to increase the diffraction efficiency. An enhancement by a factor of five has been obtained when photorefractive gratings written in lithium niobate were placed in external ring and linear cavities [10] . Thin metallic gratings have been combined with a Gires-Tournois interferometer with a view to an eventual beam steering device [11] . In this work, the zeroth order was suppressed, and the first order diffraction efficiency was enhanced by a factor of 20. A recent paper has considered a multilayer structure in which a multiple quantum well active region was placed in an asymmetric Fabry-Pérot cavity [12] . For wavelengths close to resonance, π-phase gratings can be written, in which a suppression of the zero-order diffraction enhances the efficiency of the higher diffraction orders.
Our interest in microcavities is motivated in particular by the technological challenge of all-optical routing in telecommunications. In such an application, two pump beams create the grating by one-photon absorption in a semiconductor. A probe beam, at a wavelength longer than that of the gap, is diffracted into one of any number of directions, depending on the grating period. Unfortunately, the forward diffraction efficiency of semiconductor platelets is typically lower than 1%, for the following reasons: -The index variation ∆n does not exceed a few percent even if the photogenerated plasma is quasi-degenerate, typically in GaAs for densities larger than 10 18 /cm 3 at room temperature.
2/ -In the usual direct gap materials (GaAs, CdTe, InAs...), the absorption coefficient α due to interband transitions is of the order of several 10 4 /cm. For GaAs, Fig. 2a . shows that α≈(1-1.2)´10 4 /cm for 800<λ<870 nm. This means that the thickness L of the gratings photogenerated by one-photon absorption cannot be much larger than 1/α, typically less than 1µm. The diffraction efficiency can be significantly increased by generating thick gratings via two-photon absorption, but this technique is incompatible with the constraints of low energy dissipation.
To enhance the diffraction efficiency without increasing the writing energy, we consider another strategy which consists of integrating the semiconductor platelet in an optical cavity. The entire structure can be grown by MBE or MOCVD, including the two Bragg reflectors and a central region in which to photogenerate the grating. We expect multiple round trips inside the cavity to increase the effective interaction length of the probe beam with the grating, and therefore enhance the diffraction efficiency. In what follows, we use the coupled wave theory of volume gratings, with boundary conditions appropriate to an optical cavity, to analyze the diffraction of light in such structures. Our calculations show that the diffraction efficiency, under Bragg incidence, can be enhanced by more than two orders of magnitude at the cavity resonance wavelengths. 
DIFFRACTION OF A MONOCHROMATIC BEAM BY A FABRY-PEROT CAVITY
We consider the transmission and the reflection of a monochromatic beam through a Fabry-Pérot cavity that is composed of a central zone of thickness L enclosed by two partially reflecting mirrors (Fig. 1) . We assume that the refractive index n 2 (x) inside the cavity is modulated in the x direction according to the expression
where Λ is the period of the grating. The grating planes are perpendicular to the cavity surface. n 0 is the linear index of the material. The index modulation diffracts partially the incident beam, therefore one must consider the forward propagation of two coupled beams of wave vectors q 1 and q 2 . Reflection of these beams at the back interface generates wave vectors q' 1 and q' 2 which are coupled in turn as they propagate in the backward direction. The four fields in the cavity are the transmitted field E 1 (x,z), the forward diffracted field E 2 (x,z), the reflected field
. The transmission and reflection of the electric fields at the front interface (z=0) provide two linear relations, namely:
and ( ) ( ) ( )
. In vector notation we get:
t 12 is the transmission coefficient from medium 1 to medium 2 through the front mirror. In what follows, the incident electric field E 1 (0 -) is normalized to 1 and E 2 (0 -)=0. R 21 is the reflection coefficient in medium 2 at the interface with medium 1. The propagation of the coupled fields E 1 and E 2 between the two mirrors inside the cavity is described by the propagation matrix M(z) such that:
Reflection at the back interface (at z = L) provides the relation:
The backward propagation of the coupled waves E' 1 and E' 2 is described by the same matrix M(z) and reads:
We used q 1 =n 2 q 0 ≈n 0 q 0 in the phase factor exp(iq 1 Lcosθ 1 ). θ 1 is the incidence angle of the wave vector q 1 (transmitted beam, Fig. 1 ). By combining the above equations, one 3/ obtains an equation for the forward going fields at the front interface:
In the following, we use the property M 2 (L) = M(2L). The solution is: 
In the absence of diffraction,
, and we recover the usual expression for the electric field E 1 (0,0 + ) in a Fabry-Pérot cavity. The expressions for the reflected and transmitted fields are easily deduced from Eqs. 7-8: 
We use the relation:
To complete this calculation, we use an expression for the propagation matrix M(L) derived with coupled-wave theory [13] : . We recall that ( ) ( )
is the wave vector of the diffracted beam in the cavity and G=2π/Λ is the grating wave vector (Fig. 1 ). The expression (15) for the propagation matrix M is sufficiently general to include small deviations from the Bragg condition. At the Bragg resonance G= 2n 0 q 0 sinθ 1 , V = 0, and M reduces to the usual formula. When computing the diffraction efficiencies, we checked systematically that the four fields satisfy the condition of energy conservation, namely:
PHOTOGENERATED GRATINGS IN SEMICON-DUCTOR MICROCAVITIES
We focus now on a grating in a GaAs microcavity of thickness L = 1 µm appropriate for MBE growth. The absorption coefficient and the differential index of bulk GaAs in the presence of an electron-hole plasma are displayed in Fig. 2 . The index modulation is deduced by the Kramers-Kronig transform of the differential absorption. For computing the absorption we followed Banyai-Koch's calculations [14, 15] . For L = 1 µm, the diffracted beam wavelength must be longer than 880 nm in order to neglect absorption in the Fabry-Pérot cavity (Fig.  2a) . We consider readout with a wavelength of λ 0 = 885.5 nm to get a large index modulation ∆n. Fig. 2b shows that ∆n reaches 0.01 for plasma densities around 3× 10 17 /cm 3 ( Fig. 2b ) at λ 0 = 890 nm. The index grating is photogenerated by using two write beams at a wavelength λ p =830 nm in the absorption band of GaAs. The plasma density is modulated by the interference fringes and gives rise to the modulation of n 2 (x) in Eqn. 1. We take the microcavity to have a low reflectivity above the GaAs bandgap to eliminate a cavity effect during writing and a high reflectivity below the 4/ bandgap. This is easily achieved with AlAs/GaAlAs Bragg reflectors grown by MBE. The thickness L of the central zone must be of the order of 1/α(λ p ) to maintain a quasihomogeneous plasma density. For GaAs, this means a thickness of the order of 1 µm (Fig. 2) . The spacing of the grating can be adjusted by changing the incidence angle and (or) the excitation wavelength of the two excitation beams. This point is discussed again below.
To optimize the backward diffraction efficiency for a given index modulation ∆n, we consider an asymmetric cavity, with a highly reflecting back mirror (typically R B >0.99). The transmitted beams (Eqs. [13] [14] are therefore very weak. The incident beam energy may be entirely transferred into the backward diffracted beam. We expect the peak diffraction to occur if the Bragg condition G=2n 0 q 0 sinθ 1 and the Fabry-Pérot condition 2n 0 Lq 0 cosθ 1 = 2πN are simultaneously satisfied. N is an integer and n 0 = 3.6. Recall that q 0 is the incident beam wave vector. θ 1 is the refraction angle of the transmitted beam in the cavity (Fig. 1) . We conclude that a limited number of angles θ 1 are acceptable, defined by the condition:
As we chose the incidence wavelength λ 0 =885.5 nm and the cavity thickness L=1µm, Eq. 17 provides one single incident angle θ 0 = 40.6° associated with the grating spacing Λ 01 = 684 nm. This grating may be photogenerated by two excitation beams at a shorter wavelength that also fulfill the same Bragg condition. The wavelength λ p and the incidence angle θ p of the writing beams are therefore related by the relation sin sin θ λ
Assuming for instance a pump wavelength λ p at 830 nm to get absorption, we deduce θ p =37.6. The operation wavelength λ 0 , the cavity thickness L and the incident angles θ 0 are not independent. For example, specifying the readout wavelength at 885.7 nm in order to maximize the index modulation would constrain L to be between 983 nm (for θ 0 =0°) and 1024 nm (for θ 0 =90°). These values correspond to the solutions of Eq. 17 with N=8. N=4 provides a second set of acceptable thicknesses between 491.5 and 512 nm. Conversely, the cavities having a thickness between 512 nm and 983 nm cannot operate at the wavelength of 885.7 nm but generally at some longer wavelengths that are not so sensitive to the index modulation (Fig 2) . We plotted in Fig. 3 the backward diffraction efficiency η=|E BD (0,0)| 2 (computed using Eq. 12) for an asymmetric cavity (R F = 0.9, R B = 0.995). Several incidence angles of the readout beam are studied. An index modulation ∆n = 0.003 at 885.5 nm was assumed; this corresponds to a plasma density around 10 17 /cm 3 (Fig. 2b) . The diffraction 5/ efficiency reaches max = 38% around 886 nm for an incident angle of 40°. This is in agreement with the preceding estimation from the Fabry-Pérot resonance condition. The peak diffraction efficiency represents an increase by a factor of 700 compared to a 2 µm thick layer with no cavity, which would have = 5×10 -4 . This increase is less pronounced in case of angle detuning, for example, the top diffraction efficiency is of the order of 0.05-0.1 for an incidence angle of 42 or 38°.
As previously stressed, the enhancement of the diffraction efficiency is due to the multiple round trips of the light leading to an increase of the effective interaction length L eff of the readout beam with the photogenerated grating. This effect is especially important at the resonance wavelength of the microcavity. When the Bragg condition is fulfilled, an enhancement as high as 500-1000 ( fig. 5) Using the parameters of our calculations (n=3.6, λ 0 ≈ 0.89µm, L eff ≈20µm, Λ≈0.68 µm) we get Q≈60. The grating spacing Λ increases if the incident angle diminishes. If Q where in the range 1-10, our calculation which includes only the first order diffraction would overestimate the diffraction enhancement. A treatment including higher orders would be necessary.
An important requirement encountered in optical routing is the capability to change the diffraction angle while maintaining a high diffraction efficiency. A possible solution consists of changing the grating spacing Λ around the value that fulfills the Bragg condition. The angle θ 2 of the diffracted beam in the cavity (Fig. 1) From our study, at the Bragg incidence, we know that θ D =θ B ≈40°. Fig. 4 shows the diffraction efficiency vs.
probe wavelength for grating spacings of 628-698 nm. Compared to the parameters used above, we now consider a structure with a smaller front reflectivity R F = 0.7, which represents a compromise between peak efficiency (now only 5%) and angular acceptance. The angle θ D of the backward diffracted beam changes from 3.5 to -2° around θ B as the grating period is varied. This calculation shows changing the diffraction angle by changing the grating spacing is possible while maintaining a diffraction efficiency much higher than that of a simple 2 µm thick layer. 
6/
The backward diffraction efficiency generally increases as a function of ∆n and R F (Fig. 5) . However, decreases in η can be seen for large values of these parameters. This is in accord with Kogelnik's equation: η is an oscillatory function of the product ∆nL. In a cavity, R F is related to the cavity Q factor, which is in turn proportional to the effective grating thickness. 
CONCLUSION
We studied the enhancement of light diffraction in semiconductor microcavities, in particular for GaAs structures that are feasible for MBE growth. A cavity grown on a fully reflecting back mirror (R max 1) produces the maximum energy transfer from the input beam to the diffracted one. Calculations show that an enhancement of the diffraction efficiency larger than two orders of magnitude is possible, provided that the angle of incidence and the operating wavelength are correctly chosen to fulfill two conditions, Fabry-Pérot resonance and Bragg incidence. This calculation shows that it is possible to change the diffraction angle by changing the grating spacing while maintaining a diffraction efficiency much higher than that of a simple 2 µm layer.
